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Abstract
Catalysts using gold single crystals or nanoparticles, especially for oxidation
reactions, are currently receiving increasing attention in fundamental
research as well as for commercial applications. Still there is no clear
understanding of the way these catalysts function. A major point under
debate is the existence and relevance of oxidized gold species on
gold/transition metal oxide catalysts and the suitability of the detection
methods used so far is in doubt. We present the first in situ scanning
tunnelling microscopy measurements that show the formation of a gold
surface oxide on a Au(111) single crystal from molecular oxygen induced by
the presence of small amounts of rhenium or tungsten oxide on the surface.
The observation of different non-stable as well as stable oxide phases present
at room temperature and formed in different oxygen pressure regimes is
evidence for the potential relevance of gold oxide as the active phase of
catalysts under realistic conditions.
1Introduction
Although traditionally known as an inert
element gold has received significant at-
tention in catalysis research for the last
30 years, amongst others in the context of
(selective) oxidation, hydrogenation and
dehydrogenation reactions, the water-gas
shift reaction, the treatment of substances
harmful to the environment and chemical
processing [1–4]. Currently there is con-
siderable effort in making catalysts con-
taining gold suitable for a number of ap-
plications [1, 4–7] and there is a first suc-
cess in its commercial use for the produc-
tion of specialty chemicals [1].
Since the early days of gold catal-
ysis, using combinations of gold with
transition metal oxides has been espe-
cially promising [8, 9]. Apart from gold
nanoparticles on oxide supports [6, 10, 11]
many inversed model catalysts based on
Au(111) have been investigated in recent
years [12–19]. It has been demonstrated
that these systems can exceed the effi-
ciency of catalysts currently used for ox-
idation reactions [12], showing their po-
tential relevance for a wide range of useful
industrial applications for oxidation catal-
ysis [20].
Despite the large amount of research
there is currently no full understanding
of the mechanisms by which these cat-
alysts function. Particularly the role of
the interface between gold and oxide re-
mains unclear and there is an ongoing de-
bate about the active species on such cat-
alysts [21]. Some research has identified
cationic gold species and has related them
to the catalytic activity [22–26]. This in-
cludes recent new evidence that the activ-
ity of gold nanoparticles on a titanium ox-
ide support is higher for a Auδ+ species
than for Au0 [27]. Other groups could not
confirm the relevance or existence of oxi-
dized species on active catalysts [28, 29].
Furthermore, the detection of gold ox-
ide with x-ray based methods is under
doubt as it has been shown that the forma-
tion of oxidized gold can be induced by
x-rays [30].
It is known that molecular oxygen
does not chemisorb on clean gold at room
temperature [31] but it does have a signif-
icantly higher dissociation probability on
oxidized gold [32]. New insights into the
formation of a gold oxide at room tem-
perature in molecular oxygen will thus
shed light on the mechanism by which the
dissociation of molecular oxygen is facili-
tated on gold/transition metal oxide cata-
lysts during oxidation reactions.
Here, we report the first observation
of gold oxide formation from molecular
oxygen on the Au(111) surface induced
by small amounts of two different transi-
tion metal oxides. The use of an inverted
catalyst, prepared by depositing the tran-
sition metal oxide onto a Au(111) sin-
gle crystal, provides a larger, visible gold
surface for oxidation compared to gold
nanoparticles, thus enabling the observa-
tion of the gold oxide by scanning tun-
nelling microscopy (STM) instead of x-ray
based methods. Using tungsten and rhe-
nium oxide respectively, transition met-
als which are more reducible compared to
the more frequently used cerium and tita-
nium oxides when deposited on Au(111),
the gold oxidation is enhanced and large
coverages can be achieved facilitating the
investigation of the gold oxide.
Results and Discussion
An amorphous as well as a crystalline
gold oxide phase were observed at room
temperature on Au(111) after deposition
of a transition metal oxide. The amor-
phous gold oxide forms in a low oxygen
pressure of 10−5 mbar, whereas the crys-
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Figure 1: The amorphous as well as the crystalline phase observed here in comparison with
the gold oxides imaged by Min et al. a) 50 nm x 50 nm STM image of the Au(111) surface
after tungsten oxide was deposited at room temperature. During the deposition the surface
was exposed to 10−5 mbar of oxygen for 60 minutes. The gold oxide appears lighter than the
substrate, darker areas are identified with gold vacancy islands. The image was taken in UHV
at a bias voltage of -1 V and a tunnelling current of 100 pA. b) Amorphous gold oxide observed
by Min et al. after exposing Au(111) to ozone [33]. c) 10 nm x 10 nm image of the boundary
area between the Au(111) substrate (left) and the crystallites (right) formed under high pres-
sure, taken at a bias voltage of 0.3 V and a tunnelling current of 140 pA. In order to improve
the visibility of the atoms a differential background subtraction was used for this image. d)
Crystalline phase imaged by Min et al. after annealing the surface with amorphous gold oxide
to 400 K [33].
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Figure 2: 80 nm x 80 nm STM images of the tungsten oxide/Au(111) surface during exposure
to 0.5 bar of oxygen. The images were taken at room temperature using a bias voltage of 2 V
and a tunnelling current of 100 pA after a) 50 minutes, b) 90 minutes and c) 2 hours in oxygen.
d) All three orientations of the crystallites, taken one day after the end of the oxygen exposure
in UHV at room temperature using a bias voltage of 1 V and a tunnelling current of 80 pA.
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Figure 3: Model structure for the gold oxide phases in analogy to oxides investigated on plat-
inum. Gold atoms are grey, oxygen atoms are red. a) Unit cell in agreement with the distances
measured on the crystalline gold oxide, b) metastable oxide rows and c) crystallites (corre-
sponding to one monolayer of oxygen).
talline phase forms in 0.5 bar of molecular
oxygen. As shown in Figure 1 the STM
measurements are in agreement with im-
ages of the same phases taken by Min et
al. after exposing the Au(111) surface to
ozone [33]. The unit cell of the crystalline
phase (Figure 1 c)) is rectangular and the
shorter unit cell vector forms an angle of
(120.4± 0.9)◦ with the visible rows of gold
atoms. Averaging over multiple STM im-
ages and all three different orientations
of the crystallites (see Figure 2 d)) the
size of the unit cell was determined as
a = (4.9± 0.2) A˚ and b = (3.3± 0.4) A˚.
Figure 3 a) shows how the observed unit
cell size and orientation fit onto the fcc
(111) surface.
Furthermore, metastable oxide stripes
can form on the same surface from molec-
ular oxygen. After annealing the transi-
tion metal oxide/Au(111) surface to 500 K
in 10−5 mbar of oxygen for 30 minutes a
large coverage of the stripe-like phase in
three different orientations was observed
(see Figure 4). This phase is stable in ultra-
high vacuum (UHV) for less than 24 hours
and can be regained by repeating the same
annealing step.
The stripe phase as well as the crys-
talline structure observed here can be de-
scribed with models previously proposed
for Au(111) and Pt(111). Comparing the
different orientations of the stripes to the
orientations of the crystalline phase in
Figure 2 d) suggests that the crystallites
consist of rows of gold atoms similar to
the observed stripes. In this case the shape
of the crystallites shows that these rows
can more easily attach parallel to each
other than growing longer at higher oxy-
gen pressure. The surface oxide structure
proposed by Baker et al. [34] for a cov-
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Figure 4: 150 nm x 150 nm STM images after annealing the surface to 500 K in an oxygen
background of 10−5 mbar for 30 minutes. The images were taken in UHV after cooling down
to room temperature. a) Model catalyst with tungsten oxide, image taken at a bias voltage of
1 V and a tunnelling current of 50 pA. b) Model catalyst with rhenium oxide, image taken at a
bias voltage of 2 V and a tunnelling current of 50 pA.
erage of one monolayer of oxygen atoms
has the same unit cell as observed here.
According to this model the oxide consists
of alternating lifted and non-lifted rows of
gold atoms and one oxygen atom per gold
atom. Such oxides covering the whole
surface as well as oxide stripes with a
larger distance to each other have been ob-
served and investigated more thoroughly
on the fcc(111) surface of platinum. A
model used for describing these [35, 36]
is reproduced in Figure 3 b) and c) in or-
der to visualise a possible structure for
both phases. The model for the crystalline
structure is similar to the one proposed for
gold [34] while the oxide stripes described
by Miller et al. [36] consist of rows of gold
atoms in an additional layer on top of the
surface layer with two oxygen atoms per
gold atom. This is an indication of the low
stability of the oxide stripes as observed
here in UHV at room temperature.
All observed oxide phases cover large
areas of the Au(111) surface with only a
small amount of tungsten oxide or rhe-
nium oxide deposited, respectively. The
STM studies were combined with addi-
tional x-ray photoelectron spectroscopy
(XPS) measurements in order to deter-
mine the amount of transition metal oxide
necessary to form gold oxide. A surface
with amorphous gold oxide like the one
in Figure 1 a) has a transition metal cover-
age of less than 4 per cent. With the same
coverage the other gold oxide phases can
be formed yielding an amount as shown
in Figures 2 d) and 4.
We propose that tungsten oxide and
rhenium oxide function as a catalyst for
the gold oxidation by providing atomic
oxygen. In an extensive DFT study [37]
Shi et al. investigated the stability of a
number of possible crystal structures for
a Au(111) surface oxide and compared
the most stable one to bulk oxide. Al-
though the 4 x 4 unit cell structure used
for these calculations is not applicable to
our findings, the resulting stability curve
can serve as an estimate for the stability
of the surface oxide observed here. As
6Figure 5: XPS 4f signals of rhenium metal (blue squares) and rhenium oxide (orange triangles)
in comparison. The measurements were done in UHV at room temperature and rescaled for
comparability.
such it is in agreement with the existence
of a thermodynamically stable gold oxide
at room temperature, even in UHV. How-
ever, no oxidation takes place on the clean
gold surface as Au(111) is not able to dis-
sociate molecular oxygen since there is a
high dissociation barrier of 2.23 eV [38].
From XPS measurements it is clear that
the deposited compound is an oxide of the
transition metals, a shift of 4 eV was mea-
sured compared to the XPS signal after de-
positing a metal (see Figure 5). Tungsten
oxide is a known oxidation catalyst and
has the ability to dissociate molecular oxy-
gen [39, 40]. The transfer of atomic oxygen
from tungsten and rhenium to gold is pos-
sible because these transition metal ox-
ides are easily reducible when deposited
on Au(111). Annealing the tungsten ox-
ide/gold surface to 500 K in UHV is suffi-
cient to reduce the tungsten oxide within
15 minutes. Subsequently taken STM im-
ages (Figure 6) show that a gold-tungsten
surface alloy is formed after the reduction.
This is evidence for a high formation en-
ergy of the transition metal oxide when
deposited on Au(111), which allows for
the transfer of oxygen to gold atoms. Sub-
sequently, the transition metal oxide can
be re-oxidized with molecular oxygen as
long as the surface is in an oxygen pres-
sure of 10−5 mbar or more. Additionally,
it is possible that oxidized gold promotes
the dissociation of molecular oxygen for
subsequent gold oxidation.
Under a different chemical potential
the transition metal oxide catalysts pro-
mote the reverse reaction reducing the
gold oxide formed previously on the
Au(111) surface. The amorphous phase is
stable in UHV at room temperature but
not visible anymore after annealing the
surface to 400 K for 15 minutes. This
is a reversible process as the amorphous
gold oxide reforms within 30 minutes un-
der subsequent exposure to 10−5 mbar of
molecular oxygen. In contrast to these
measurements, Min et al. [33] still detect
a gold oxide on the Au(111) surface ox-
idized using ozone after annealing it to
7Figure 6: 80 nm x 80 nm image of the tungsten oxide/Au(111) surface after annealing to 500 K
for 15 minutes. Darker areas in between the herringbone are associated with a gold-tungsten
surface alloy. The image was taken in UHV at room temperature using a bias voltage of -1 V
and a tunnelling current of 100 pA.
400 K. In their case no other metal was
present on the surface to promote the re-
duction of the gold oxide.
It is likely that the crystallization of
the gold oxide phase formed under high
pressure is caused by a different oxidation
state compared to the amorphous gold ox-
ide phase formed in a lower oxygen pres-
sure. The oxidation states of the differ-
ent gold phases could not be measured
with XPS due to considerable beam dam-
age to the gold oxide, which was observed
in STM after the x-ray exposure. When ex-
posing the surface with amorphous gold
oxide (see Figure 1 a)) to a high oxygen
pressure no change is visible. When there
was however no prior oxidation of the
gold, the crystalline phase (Figure 2 d))
was observed to form in high pressure on
the transition metal oxide/Au(111) sur-
face. It is thus clear that the high pres-
sure environment does not only induce
the mobility of the gold oxide but has
additional effects, which are responsible
for the difference between the amorphous
and the crystalline phase. As can be seen
in Figure 2 the crystalline phase is pre-
ceded by an intermediate mobile species,
which forms under exposure to 0.5 bar
of molecular oxygen within 3 hours. Af-
ter reducing the pressure to UHV a high
mobility was still observed (not shown).
Within another 15 hours in UHV the high-
pressure structure crystallizes completely
(see Figure 2 d)) and becomes stable. It
follows that the mobility of the intermedi-
ate state does not stem from contaminants
in the high-pressure environment such as
water and that the crystalline phase does
not have a higher oxidation state than the
mobile intermediate. The most likely ex-
planation for the mobility, which enables
the crystallization, is thus that the mobile
predecessor of the crystalline phase has
a higher oxidation state than the amor-
phous gold oxide. In this case the dis-
crepancy with these observations and Min
et al. [33] inducing the crystalline struc-
ture by annealing the amorphous gold ox-
ide might be explained by the presence
of additional oxygen atoms on the sur-
face after ozone exposure or by a residual
8ozone background during the annealing
step combined with mobility induced by
surface temperature.
Conclusion
We presented the first observation of the
formation of gold oxide from molecular
oxygen on a Au(111) surface promoted by
a small amount of transition metal oxide.
At room temperature an amorphous gold
oxide forms in low oxygen pressure and
a crystalline phase at a higher pressure.
Annealing the catalyst to 500 K in an oxy-
gen background yields a metastable phase
of stripes. We propose that the transi-
tion metal oxide functions as an oxidation
catalyst for the crucial step of dissociat-
ing oxygen molecules and thus providing
atomic oxygen to gold atoms, the reverse
reaction can be facilitated as well. This
new evidence of the presence of gold ox-
ide under conditions relevant for catalysis
is important for understanding the mech-
anism by which catalysts containing tran-
sition metal oxides in combination with
Au(111) or gold nanoparticles function,
particularly how molecular oxygen is dis-
sociated, as well as for developing new,
more efficient oxidation catalysts.
Methods
The experimental set-up is described in
detail in reference [41]. In short, the
UHV system consists of three separable
chambers. In a preparation chamber the
Au(111) crystal was cleaned by consecu-
tive cycles of Ar+ sputtering and anneal-
ing to 800 K. Tungsten and rhenium ox-
ide respectively were deposited using an
Oxford Applied Research e-beam evapo-
rator, in which the metal rods were heated
to a temperature just underneath the on-
set of glowing in a background of 10−5
mbar of oxygen. The sample can be trans-
ferred to the scanning tunnelling micro-
scope chamber without exposing it to air.
The microscope can be used in UHV or
as a reactor STM in a volume of about
0.5 ml of gas closed off by the sample,
the STM body and a Kalrez seal. For the
high pressure studies the reactor was held
at a pressure of 0.5 bar using an oxygen
flow of 1 ml/min. The STM tip is a cut
platinum/iridium wire, the custom made
control system is described in detail in ref-
erence [42]. Lastly, the system is equipped
with a Specs x-ray photoelectron spec-
troscopy system. Peaks were fitted with
the CasaXPS software and the energy axis
was calibrated using the position of the 4f
signal of gold measured on the clean sam-
ple. The rhenium 4f XPS signal was cal-
ibrated by depositing rhenium metal and
comparing the corresponding XPS signal
to the metal coverage. For the metal de-
position the rhenium rod was heated up
to a white glow in UHV. Coverages were
determined from STM images using a wa-
tershed method in Gwyddion.
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